Highly pathogenic influenza A viruses including avian H5N1 viruses and the 1918 pandemic virus cause severe respiratory disease in humans and animals. Virus infection is followed by intense pulmonary congestion due to an extensive influx of macrophages and neutrophils which can release large quantities of reactive oxygen species potentially contributing to the pathogenesis of lung disease. Here the role of nitric oxide (NO), a potent signaling molecule in inflammation was evaluated following highly pathogenic influenza virus challenge in mice. We observed higher levels of NO in mice 
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Introduction
The high mortality rates associated with H5N1 influenza virus infections in humans remains a public health concern. Since the re-emergence of the H5N1 subtype in humans in 2003, there have been over 600 documented human cases worldwide, of which approximately 60% have been fatal [1] . Most H5N1 virus-infected patients initially present with clinical signs of influenza-like illness, such as fever and cough [2] [3] . In severe cases, a clinical course of progressive respiratory failure consistent with acute respiratory distress syndrome (ARDS) occurs. ARDS is a pulmonary condition that usually arises secondary to elevated levels of local inflammatory mediators potentially complicating recovery [4] [5] [6] . H5N1 viruses are potent inducers of immune mediators and elevated levels of serum cytokines among H5N1 virus infected patients have been detected, which may contribute to the overall pathogenesis of the disease [7] [8] [9] .
The H1N1 influenza virus of 1918 caused the worst influenza pandemic in recorded history [10] . Patients who succumbed to infection during the 1918 pandemic had severe lung pathology marked by necrotizing bronchiolitis with intraalveolar edema, often characterized by extensive infiltration of polymorphonuclear neutrophils [11] .
Similarly in animal models of 1918 virus infection, ferret and mouse lungs exhibit necrotizing bronchiolitis and moderate to severe alveolitis with edema [12] [13] [14] . The histopathology associated with 1918 virus infection appears to be similar to that observed following H5N1 virus infection, characterized by severe alveolitis and a significant increase in inflammatory infiltrate comprised mainly of macrophages and neutrophils [2, 12, 14, 15] . These major effector cells of the innate immune response are capable of at CSIRO Library Services on February 20, 2013 http://jid.oxfordjournals.org/
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A c c e p t e d M a n u s c r i p t 4 producing reactive oxygen and nitrogen species including nitric oxide (NO) which is a powerful vasodilator and potent inflammatory cell chemoattractant [16, 17] .
Reactive oxygen species may directly contribute to cell death in highly pathogenic influenza virus-infected lung tissue and exacerbate pathology caused by virus replication during acute H5N1 infection [18] [19] [20] . As one of many free radical molecules produced by inflammatory cells during an influenza virus infection, NO has been suggested to contribute to the disease process [21] [22] [23] [24] . It is also notable in this context, that lung disease in chronic asthmatics is often indicated by increased NO concentration in exhaled breath and patients can be treated by administration of steroids to reduce inflammation and thereby lower NO levels [25] . Nitric oxide is produced by three different isoforms of the enzyme nitric oxide synthase (NOS), neuronal NOS (NOS1), inducible NOS (NOS2), and endothelial NOS (NOS3) that are expressed in different cell types. A previous study investigated the role of NO in laboratory-adapted influenza virus infection and have shown that systemic inhibition of NO improves disease course in mice [23] but it remains unknown if this reactive oxygen species plays an important pathogenic role in highly pathogenic influenza virus infections, such as those caused by the 1918 or H5N1 virus. In an effort to understand potential non-viral causes of lung pathology and to identify potential therapeutic strategies, we studied the role of NO during highly pathogenic influenza virus infection in a small animal model of influenza disease.
Materials and Methods
Viruses. H1N1 influenza viruses used in the study, the reconstructed 1918 and the nonlethal seasonal A/Texas/36/91 (Tx/91), were propagated in Madin Darby canine kidney (MDCK) cells as described [12] . A/Thailand/16/2004 virus (abbreviated H5N1) was propagated in ten-day-old embryonating hens' eggs at 37°C for 24 hrs. Pooled cell supernatant or allantoic fluid was clarified by centrifugation and titrated in a standard plaque assay, expressed as plaque forming units (PFU). All experiments were performed in biosafety level 3 laboratories with enhancements (BSL3+) as outlined in the Biomedical Microbiological and Biomedical Laboratory Manual [26] .
Mouse experiments. All animal research was conducted under the guidance of CDC's Institutional Animal Care and Use Committee and in an Association for Assessment and Accreditation of Laboratory Animal Care International-accredited BSL3-enhanced facility. Mouse 50% lethal dose (LD 50 ) of viral stocks in 8-10 week old female BALB/c mice (Jackson Laboratories, Bar Harbor, ME) were calculated as described [12] .
Mice (19 -22 g ) were inoculated intranasally (i.n.) with 100 PFU/50µl of virus [27] . At the indicated times p.i., lungs (n=3 per group) were removed and homogenized in 1ml of PBS and titered for virus, cytokine levels or NO amounts [28] . Homogenates were titrated for virus using a standard plaque assay on MDCK cells and expressed as the mean log 10 PFU/ml. Statistical differences in virus titers between experimental groups were measured by Student's t test. Mice were observed and weighed daily for 14 days post-inoculation (p.i.). Mice survival data and mean day of death (MDD) were analyzed A c c e p t e d M a n u s c r i p t 6 using Kaplan-Meier and log-rank (Mantel-Cox) test methods. For NO analysis, lung homogenates were microfiltered and assayed as described below. Isolation and inoculation of primary lung neutrophils. Primary lung neutrophils from ten BALB/c mice were removed and cell suspensions prepared as described [27] . 
Results
Inducible NOS contributes to morbidity and mortality in mice infected with highly pathogenic 1918 and H5N1 influenza viruses. We began these studies with an assessment of physiologic NO levels and measurement of NO induction in mouse lungs following infection with H5N1, 1918 and the non-lethal Tx/91 (H1N1) influenza viruses.
Three mice per group were euthanized on days 1, 3, 5 and 7 post-inoculation (p.i.) and lung homogenates were assayed for NO production ( Figure 1A ). During the first 5 days p.i., the levels of NO were generally similar among all infected groups, however mice infected with the 1918 virus exhibited slightly higher NO levels through day 5 p.i. On day 7 p.i., a time period which shortly preceded the death of the inoculated mice, NO levels among H5N1 and 1918 virus-infected mice lungs were significantly higher than those of Tx/91 virus infected mice. The kinetics of viral replication in the lungs was assessed to determine if NO production in lungs was associated with viral replication. By day 5 p.i., all three viruses reached high titers (4.9 to 6.5 log 10 PFU/ml) in lung tissue, A c c e p t e d M a n u s c r i p t 9 consistent with findings of earlier studies [27] . Virus replication was sustained and significantly greater in both H5N1 and 1918 virus infected groups through day 7 p.i., whereas Tx/91 virus was undetectable by this time ( Figure 1B ) (*P<0.05).
Due to the heightened presence of neutrophils in the lungs of mice following infection with the lethal 1918 virus [27] , and the known ability of these cells to produce an oxidative burst upon exposure to influenza virus [33] , we measured the NO response of primary lung neutrophils to the 1918 virus. Total lung neutrophils were isolated from uninfected mouse lung tissue and exposed to either 1918 or Tx/91 virus (MOI = 2). As shown in Figure 1C 
Discussion
The exceptional virulence and ability of the 1918 virus and viruses of the H5N1 subtype to induce severe lung pathology, particularly in young adults, suggests that host factors may contribute to the pathogenicity of these viruses. We previously demonstrated that macrophages and neutrophils accounted for the majority of increased cellularity in the lungs of H5N1 and 1918-virus infected mice [27, 28] . Because activated macrophages and neutrophils release NO, potentially contributing to the pathogenesis of lung disease, we evaluated the role of this signaling molecule following highly pathogenic influenza virus infection. Nitric oxide induction appears to be a function of the severity of virus infection. We found that in comparison to a low pathogenic seasonal H1N1 isolate, the highly pathogenic H5N1 and 1918 viruses elicited greater NO production in the lungs of mice and from lung-derived neutrophils infected ex vivo with the 1918 virus. Therefore, NO induction occurred without the need for prior viral adaptation, which is usually required for human influenza viruses in mice. By blocking NO production pharmacologically or by using knockout mice deficient for NO synthase type 2 (NOS2 A c c e p t e d M a n u s c r i p t 13 inhaled nitric oxide treatment had no effect on lung viral load compared to control mice receiving compressed air [49] .
Neutrophils and macrophages are found to be associated with severe lung disease following infection with highly pathogenic influenza viruses [27, 28] . Although H5N1 virus infected lung specimens from human subjects are limited due to the lack of autopsy material, the pathology of non-human primates infected with H5N1 virus showed extensive lung inflammation with intra-alveolar edema and hemorrhage containing numerous neutrophils and macrophages [37] . Similarly, experimental infection of mice with 1918 recombinant viruses resulted in relatively high numbers of neutrophils and alveolar macrophages into the lungs and depletion of these cells was associated with decreased expression of cytokines [28, 38] . In 1918, histological observations of archived fixed tissues showed heavy infiltrations of white blood cells in influenza virus-infected lungs, including the identification of neutrophils in the absence of secondary bacterial infection [11, 39, 40] . Our ex vivo experiments revealed that mouse lung-associated neutrophils elicited a robust NO synthesis following 1918 virus infection. During 1918 or H5N1 virus infection, neutrophils leave the peripheral circulation, migrate into the interstitial airways and in the process of their transmigration to infected areas become altered in their phenotype [41] . Pulmonary neutrophils exhibit an increase in antiapoptotic gene expression compared to circulating neutrophils and exist in a primed state where they are prone to increased production of reactive oxygen species, including NO [42] . Further experiments are needed to elucidate cellular changes such as surface protein expression and intracellular signaling of virus-exposed lung associated neutrophils compared to peripheral blood neutrophils.
at CSIRO Library Services on February 20, 2013 http://jid.oxfordjournals.org/ A c c e p t e d M a n u s c r i p t 14 NO can be an important element of host defense and is generally beneficial during normal homeostasis as well as during mild-to-moderate infection, allowing for a heightened immune response and cellular migration across vascular epithelial barriers [43] . However, at the molecular level, NO has a mutagenic effect on nucleic acids of target cells when present in excess amounts, as is the case during viral pneumonia [44] .
We observed higher NO levels in the lungs of mice infected with 1918 and H5N1 viruses on day 7 p.i., a time point that correlates with high numbers of total lung macrophages and neutrophils [27] . Conceivably excessive accumulation of these inflammatory cells and subsequent release of cytokines and NO may contribute to lung tissue damage by causing vascular injury and destruction of the parenchymal cells. Further progression of lung injury may result in loss of functional alveolar surface area, inadequate gas exchange, lower respiration, and ultimately death. Deterioration of pulmonary function has been indicated by the need for hospital ventilator support in H5N1 virus-infected patients [45] . NO is generated by inducible nitric oxide synthase (NOS2), an enzyme expressed in leukocytes, including neutrophils and alveolar macrophages. Additionally, these cells are known to secrete the cytokines, IFN-γ and TNF-α following influenza infection, which could further upregulate the expression of NOS2, thereby increasing the local production NO in lung tissue [35, 46, 47] .
By using mice deficient in NOS2, we demonstrated that inducible NO is important for increased pro-inflammatory cytokine production and impacts disease In summary, the lack of NO signaling through the use of mice deficient in inducible NOS or by systemically blocking NO production pharmacologically revealed an important role for NO towards contributing to the pathogenic outcome of H5N1 and 1918 virus infection in mice. Our studies presented here show that there may be a considerable therapeutic benefit in reducing NO levels in lungs infected with highly pathogenic influenza viruses. Although treatment with anti-inflammatory drugs has been proposed as a therapeutic option for patients infected with H5N1 viruses, preclinical evaluation of steroids or anti-cytokine testing in H5N1 virus infection models shows little benefit of those treatments [35, 50] . Such previous attempts to combat the amplified immune response may be too broad in their effects on the immune system, and identification of more targeted treatments, such as inhibition of NO, could be effective in reducing acute lung injury associated with these infections and benefit patients in combination with antiviral drug treatment. Clarified lung homogenates were assayed individually by the BioPlex array system for the cytokines shown. *, p<0.05; **, p<0.005 by Student's t test.
